Abstract-We demonstrate the in-situ frequency discrimination and continuous phase tuning of high-speed optical clocks generated from a directly modulated/encoded laser diode with respect to a free-running microwave clock. This is performed by using a dc-voltage controlled, frequency-discriminated optoelectronic phase shifter ( 
I. INTRODUCTION

M
ICROWAVE and millimeter-wave antennas have been comprehensively employed for wireless transmission and detection of information over long distances. The electromagnetic energy of messages would be localized without the use of the effective antennas in the satellite/mobile communications, or in the military applications such as radar and radio astronomy works. Particularly, the phased-array antennas (PAAs) have been used since the beginning of the 1970s to provide the accurate control of some desired radiation characteristics, such as field pattern, directivity, impedance, and bandwidth [1] . The scanning of the main radiated beam is possible by changing the phase deviation of every element in the PAAs. Usually, a set of phase-shift controllers was used to achieve the purpose of beam steering of PAAs [2] . However, the drawbacks for practical implementations of PAAs are the large volume and weight of the RF electronic beam-forming network. This is due to all of the power amplification components and the signal distribution networks for each of the elements that must be crowded into the space between elements in conventional microwave PAAs. It is known that the spacing between elements of half the microwave wavelength is limited for the PAAs to steer over a large fraction of a hemisphere [3] .
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As the frequency increases, less space becomes available to include all of the components. The phased array modules are usually built with components laid out behind the elements, which makes the antenna thick. Therefore, a thinner antenna is achieved by integrating the components onto the antenna plane. This is required to benefit from the simple power distribution and cooling structures.
On the other hand, most of the phase shifters employing switched-line [4] and ferrite [5] technologies can accurately control the required phase shift via the true-time-delay technique at a narrow bandwidth of operation. Therefore, a complete phase shifter developed in the early years was usually implemented by several sets of transmission modules with tunable lengths for operation at different frequency bands. Although the advent of electronic [6] or monolithic microwave integrated circuit phase shifters has overcome the frequency-dependent and narrow-band operation restrictions [7] , [8] , the relatively high insertion loss and finite phase-shift range still restrict their applications. In the past few years, there has been much interest in employing optical beam-forming networks for thinning microwave/millimeter-wave PAAs [9] . The photonic RF phase shifters were exploited in fiber interconnections previously due to the advantages of low-loss, and low dispersion operation [10] . Several integrated-optic [11] - [17] and optoelectronic [18] - [21] phase-shifting schemes have been demonstrated at a frequency up to several GHz. It is also observed that the operation frequency of the optically controlled phase-shifter can easily increase up to 60 GHz by using photonic techniques [22] . Today, the compact photonic phase-shifting devices have been considered as an alternative not only for reducing the volume and weight of PAAs, but also for their advantages such as remote-controllable, wide-band frequency coverage, better immunity to electromagnetic interference, and compatibility to fiber-optic networks, etc.
Recently, a compact optoelectronic phase-locked loop (OEPLL) for phase-tracking and sampling of free-running microwave or millimeter-wave signals has been successfully demonstrated [23] , [24] . The phase-locked microwave or optical sources were also available for broad-band generation of clock signals with relatively low phase-noise and timing-jitter. In this work, by extending the OEPLL technology, we demonstrate an alternative optoelectronic frequency-discriminated, broadband phase controller for continuous tuning of the optical clock signal generated from the laser diode. The highly accurate phase-shift was continuously tunable by adding a dc-voltage tuning circuit in a modified OEPLL system. The performances, 0018-9456/02$17.00 © 2002 IEEE such as the maximum phase-shifting range, the linearity, and responsivity, the tuning error and phase-switching accuracy, and the resolution of the novel optoelectronic phase shifter (OEPS) are discussed. The effects of frequency-modulation (FM) sensitivity of voltage-controlled oscillator (VCO), the gain/bandwidth of loop filter, the stability of the tuning voltage source on the maximum phase tuning range, the phase fluctuation, and the long-term phase drift of the frequency-discriminated OEPS were investigated. Section II contains detailed descriptions of theoretical model, experimental setup, and measuring techniques for the frequency-discriminated OEPS system. Section III contains the experimental results and discussions. Section IV discusses the performances of the proposed OEPS system.
II. EXPERIMENTAL SETUP
The experimental setup of the dc-voltage controlled, frequency-discriminated OEPS is shown in Fig. 1 . It consists of a laser diode (LD, m) modulated by a VCO (HP8640B, dc-FM mode), a digitally frequency-translated OEPLL (FT-OEPLL) [23] , and a thermally stabilized high-precision voltage regulator with passive tuning circuit. The LD operating at 500 0. kHz was preamplified and digitized by an analog-to-digital converter (ADC, National Semiconductor, LM319) for phase comparison with a reference clock signal divided from the microwave clock . The phase deviation between the digitized IF signal and the reference clock was transformed to an error voltage by a digital phase-frequency detector (PFD, Motorola MC4044). This error voltage was then feedback to the VCO. This architecture allows the stable phase tracking of the optical pulse-train to the microwave clock. By analyzing the phase noise model of the OEPS, the phase noise at different nodes can be written as (1) where is phase error between the optical microwave signal and the FRO clock;
is the frequency dividing number; is the gain constant of the digital phase detector;
is the transfer function of the active loop filter (LF) in Laplace-transformed s domain, which equals to with and ; is FM sensitivity of the VCO; and denote the single-side-band (SSB) phase noise of FRO clock and devices in the present system; , , and are the phases of signal output from the IF reference clock, VCO, and LD, respectively. By adding a dc reference voltage, , as a controlling signal that offsets the error signal feedback to the VCO, i.e., , the phase of the VCO can therefore be described as (2) where denotes the SSB phase noise of the phase-locked VCO, and is the phase shift corresponding to . That is, the phase of the VCO as well as that of the optical pulsetrain can be shifted by changing . In general, the loop bandwidth (or natural frequency, ) and the damping factor of the second-order active loop filter (LF) in a common frequency-down-converted PLL is described as (3) (4) In the experiment, the circuit parameters are set as of 5120, of 0.12 v/radian, of 5.03 10 radian/s/V, the minimum of 4.90 10 sec, and the minimum of 1.55 10 . These lead to the loop bandwidth and damping factor of 49.29 and 3.77 10 , respectively. The phase shift of the optical clock from LD was monitored by using a high-speed sampling oscilloscope (HP54750A) and measured by using a lock-in amplifier (LIA, Stanford Research System SRS830). The provided by using a thermally stabilized high-precision voltage regulator with passive tuning circuit is added to the LF in the FT-OEPLL system.
III. EXPERIMENTAL RESULTS
In order to monitor the relative delay-time between the frequency-discriminated optical clocks adjusted by the OEPS at different controlling voltages , another phase-locked optical signal generated from one of the same OEPS array was 1.35 V (see the lower trace in Fig. 3) . Alternatively, the phase of the optical clock can be delayed by setting negative . For example, a phase shift of nearly 162.5 was detected by setting V (see the lower trace in Fig. 4) . The resolvable minimum tuning step of the OEPS monitored by using the sampling oscilloscope under a system limit delay-time controller is about 19 ps (see Fig. 5 ). This corresponds to a phase shift of 3.41 at a change in of 50 mV. The transfer function of the phase shifter versus controlled voltage for the OEPS operating at 500 MHz was determined by measuring the phase of the frequency-translated IF signal output from the OEHM in the lock-in amplifier. During the measurement, the FM sensitivity of VCO, the bandwidth, and gain of the LF were set to be 1 MHz/V, 50 Hz, and 0.5, respectively. As a result, a linear phase-tuning response as a function of is shown in Fig. 6 . The maximum phase tuning range of up to 340 was measured by tuning from 2.5 V to 2.5 V. The tuning responsivity (i.e., the phase-shift gain, defined as ) of the OEPS evaluated from the experimental data is 68.3 V. This corresponds to a maximum delay-time and slope of about 1.95 ns and 0.38 ns/V for the optical pulses at a repetition rate of 500 MHz. The maximum phase-tuning range and the phase-shift gain were found to remain as constants as the operating frequency changes. However, the maximum delay-time of the optical pulse train can be tuned by the OEPS and essentially decreases as the operating frequency increases. This is limited by the maximum tuning period of only about by using the current apparatus. In addition, it is found that can be adjusted from 60 V to 90 V with a sacrificed maximum tuning range by setting different parameters of the OEPLL circuit. The tuning linearity of the transfer function for the OEPS was measured and shown in Fig. 7 . This data is taken by using a computer-controlled reference voltage output from the lock-in amplifier. It is found that the tuning error of the OEPS can be smaller than 5 at any desired . We believe that further improvement on the linearity of the OEPS can be achieved by using a voltage regulator with higher accuracy and stability. The overall performances of the OEPS operated in phase-shift and delay-time tuning functions are listed in Table I .
In addition, a periodically changing triangular function of controlling voltage was employed to realize the performance of the OEPS under programmable control. The periodic phase-shift corresponding to the triangularly tuned with a period of 50 s is shown in Fig. 8 . The continuous tracking capability of the OEPS was characterized by interrupting and recovering the microwave clock or optical signal at a duration varying from several seconds to several minutes. It is found that the lock-in time can be as short as 10 ms or less after the recovery of the interrupted signal. Furthermore, the switching accuracy of the OEPS was also measured via a phase-switching test at a period of about 20 s (see Fig. 9 ). The tuning step of the OEPS during the test is about 0.2 by setting an increment in of 3 mV. The switching error of the OEPS controlled by a digital voltage signal is as small as 0.05 . We therefore conclude that the tuning resolution of the OEPS can be 0.05 . On the other hand, the phase fluctuation and long-term stability of the OEPS by using different voltage references were measured and shown in Fig. 10 . The fluctuation in phase defines the maximum variation of phase shift in a short-term interval. The drift in phase defines the slope of the phase shift as a function of measuring time, which is determined after 30-min measurement duration. It is found that the phase fluctuation of the down-converted optical clock controlled at a specified phase shift of 175.3 was less than 0.047 (in rms value). This corresponds to a temporal fluctuation (i.e., relative timing jitter) for the optical pulses generated from the LD of ps (in rms value). The long-term drift 30 min in phase of the OEPS controlled by using a thermal-stabilized high-precision voltage reference (National semiconductors, LM399) is only 0.1 (slope min). Since the phase fluctuation caused by the voltage fluctuation of the voltage-regulator is less than 0.001 , we conclude that the effect of phase noises from the microwave clock, the LD, as well as the OEPLL on the detected phase fluctuation is more pronounced. In comparison, the phase drift of the OEPS caused by using a low-precision voltage regulator (for example, LM7812) can be up to 10 (see Fig. 10 ).
According to the transfer function of the OEPS decribed in (2), it is understood that the key parameters such as FM sensitivity, bandwidth and gain of the LF, etc., can essentially affect the phase-tracking ability, maximum phase tuning range, and long-term stability of the OEPS. It is found that the phasetracking and phase-tuning performances of the OEPS exhibit relatively high tolerance to the variation in the aforementioned loop parameters during experiments. For example, the effect of FM sensitivity on the phase tuning range of the OEPS was characterized and shown in Fig. 11 . During the tuning from 5 kHz/V to 1.28 MHz/V, it is found that the almost remains as a constant. However, the relatively inert response of the OEPS can not remain constant as increases to 2.56 MHz/V or larger, which leads to the changes in the and of 320 and 71 V, respectively. This indicates that the OEPS with extremely large results in a decreasing . It is also observed that the phase-tracking ability and the maximum phase tuning range of the OEPS exhibit relatively high tolerance to the variation in loop parameters of the LF. In experiments, the resistance in the LF was tuned to realize the effect of the gain constant of the LF on the phase-tuning range of the OEPS, as shown in Fig. 12 . The OEPS is found to exhibit a stable phase-tuning range at smaller . Nonetheless, the phase-shift gain of the OEPS can be greatly enhanced (up to 90 V) as increases to be larger than 1, while decreases from 340 to 200 . Furthermore, the bandwidth (as well as the damping constant) of the LF in the OEPS was changed by tuning the capacitance (C) of the LF during measurements. The was found to remain as a constant with C ranging from 0.1 to 11 F. This corresponds to a change in bandwidth of the LF from 200 Hz to 20 kHz. We thus conclude that an OEPS with high gain not only destroys the phase-tuning performance but also leads to a lower bandwidth of the LF. This seriously degrades the phase-tracking stability of the OEPS, although it is essential for inhibition of phase noise and timing jitter in phase-locked optical microwave signals. In addition, a VCO with larger promotes faster phase-tracking speed at a cost of less phase-tracking stability associated with the increasing SSB phase noise as well as the timing jitter of the OEPS. Therefore, a trade-off between the phase-shift responsivity of the OEPS and the phase noise of the LD clock has to be considered. 
IV. CONCLUSION
We demonstrate the in-situ frequency discrimination and continuous phase-tuning of the directly modulated laser diode with respect to a free-running microwave clock by using a dc-voltage controlled optoelectronic phase shifter (OEPS). The transfer function of the phase shifter versus controlled voltage is linear with maximum phase-tuning range and tuning slope of up to (340 ) and 68 V, respectively. This is achieved by varying the controlling voltage from 2.3 to 2.7 V. A larger tuning range of up to 640 is achievable at a cost of slightly increased correlated phase noise in the optical clocks. The slope of the transfer function is tunable from 50 to 90 V, which corresponds to a tuning responsivity in delay-time of the optical clock repeated at 500 MHz of ranges from 0.36 to 0.54 ns/V. The switching error of the OEPS controlled by a digital voltage signal is about 0.05 . The short-term fluctuation and long-term drift in phase of the OEPS by using a high-precision voltage reference were determined to be less than 0.05 and 0.0034 min. The tuning resolution of 0.2 at a 3-mV increment of controlling voltage is achieved by using a high-precision voltage regulator. Relative timing jitter of the controlled optical microwave clock is less than 5 ps.
The OEPS is shown to be accurate, stable, and compact as compared to the conventional apparatus. Experiment results indicate that the performance of the OEPS exhibits relatively high tolerance to the variations of the circuit parameters. The current scheme is also available for operation at different phase-shifts and frequencies in switching networks. In comparison with previous works in which a large number of control lines are required to achieve the number of phase-switching bits, only one OEPS module that serves as a phase controlling unit is required for each PAA element by using our technique. The investigation indicates that OEPS can also be a potential candidate for military and photonic applications such as phased-array antennas, and improved electro-optic sampling systems, etc. Monolithic integration of the OEPS module for optoelectronic control of the aforementioned system is currently under progress. 
